Here we outline a next-generation RNA sequencing protocol that enables de novo assemblies and intra-host variant calls of viral genomes collected from clinical and biological sources. The method is unbiased and universal; it uses random primers for cDNA synthesis and requires no prior knowledge of the viral sequence content. Before library construction, selective RNase H-based digestion is used to deplete unwanted RNA -including poly(rA) carrier and ribosomal RNA -from the viral RNA sample. Selective depletion improves both the data quality and the number of unique reads in viral RNA sequencing libraries. Moreover, a transposase-based 'tagmentation' step is used in the protocol as it reduces overall library construction time. The protocol has enabled rapid deep sequencing of over 600 Lassa and Ebola virus samples-including collections from both blood and tissue isolates-and is broadly applicable to other microbial genomics studies.
Introduction
Next generation sequencing of viruses from clinical sources can inform transmission and the epidemiology of infections, as well as help support novel diagnostic, vaccine and therapeutic development. cDNA synthesis using random primers has allowed the detection and assembly of genomes from divergent, co-infecting or even novel viruses 13 . Both read 1 and read 2 of paired end reads are merged in the library BAM file and the quality scores are shown at each base. This figure has been modified from 6 . Please click here to view a larger version of this figure.
The viral RNA-seq protocol details construction of libraries directly from extracted RNA collected from clinical and biological samples. To ensure personal safety, all viral serum, plasma and tissue samples should be inactivated in appropriate buffers prior to RNA extraction. In some inactivation and extraction kits, carrier poly(rA) RNA is included; this will be removed during the initial RNase H selective depletion step. Based on complete recovery, the expected concentration of carrier RNA is 100 ng/µl. In the protocol, 110 ng/µl oligo dT RNA (1.1x carrier concentration) is used for depletion. If poly(rA) carrier is not present in the sample, then oligo(dT) should not be added prior to depletion.
The following protocol is designed for 24 reactions in PCR plate format (up to 250 µl volume). An earlier version of this protocol was reported in Matranga, et al. 6 .
Protocol
, excluding primer dimers (~120 bp) from region analysis. Note: Alternatively, qPCR can be used to quantify libraries 
Representative Results
The described protocol enables the generation of high quality sequencing reads from low-input viral RNA samples while enriching for unique viral content. As shown in Figure 1 , the protocol enriched unique Lassa virus content at least five-fold in all samples (compared to non-depleted controls) with at least one million copies of 18S rRNA (~100 pg total RNA). Likewise, sequencing success also correlated with the amount of virus within a given sample. Using qRT-PCR as a surrogate for viral quantity, samples that contained ~1,000 or more viral genome copies most often created full assemblies (data not shown). Moreover, depletion of poly(rA) carrier reduces homopolymer sequences of A and T in libraries, resulting in cleaner preparations and ensuring better quality sequencing reads (Figure 2 ). Final libraries from low input viral clinical samples often have a broad fragment length from 150 to 1,000 bp ( Figure 3 ).
After sequencing, to reduce sample misidentification and crosstalk between libraries within a pool 12 , only index reads with a base quality score of 25 (q25) and ensure zero mismatches are kept during the demultiplexing process. Viral genomes are assembled using a bioinformatics pipeline specific for divergent viruses 2, [4] [5] [6] . These tools are available at https://github.com/broadinstitute/viral-ngs or through commercial cloud platforms 4 .
Step 1.1: DNase reaction

Reagent
Volume per reaction (µl)
10x DNase buffer 7
Nuclease-free water 6
Extracted viral RNA 55
DNase (2 U/µl) 2
Total volume 70
Step 2.1: 5x Hybridization buffer Reagent Volume for 1 ml (µl)
M NaCl 200
1 M Tris-HCl (pH 7.4) 500
Nuclease-free water 300
Total volume 1,000
Step 2.1: 10x RNase H reaction buffer Reagent Volume for 1 ml (µl)
M MgCl 2 200
Nuclease-free water 500
Step 2.1: Water with linear acrylamide Reagent Volume for 1 ml buffer (µl)
Nuclease-free water 992
Linear acrylamide (5 mg/ml) 8
Step 2. . Please click here to download this file.
Discussion
The outlined approach enables robust, universal, rapid sequencing and was used for sequencing Ebola virus during the 2014 outbreak 2, 4 . By coupling selective depletion and cDNA synthesis with tagmentation library construction, the overall process time was reduced by ~2 days from previous adapter ligation methods. More recently, this protocol was employed by international collaborators and others with great success 15, 16 and will be deployed to labs in West Africa to support local genomics-based research studies and diagnostics . The protocol may also be used for host transcriptomic, metagenomic and pathogen discovery sequencing projects 1 . A critical step of the protocol is targeted RNase H digestion, a high-throughput, low cost method for removing unwanted carrier and host RNA from viral samples. The selective depletion step of the protocol uses many components and requires skill and accuracy. Extra time and care should be taken during the initial setup.
As most clinical serum and plasma samples often have very little nucleic acid material, contamination and sample loss are common. To avoid these issues, special care should be taken when using this protocol. First, RNA is highly susceptible to degradation; therefore all areas should be clean and free of nucleases. Second, to identify samples suitable for use in this protocol, qRT-PCR assays for both host RNA and virus should be used for quantification 5, 6 . When comparing input amounts with sequencing results from the protocol, sequencing success (i.e., generation of sufficient data for full viral assembly) correlated with samples that contained at least 100 pg total RNA and 1,000 copies of virus. Third, exposure to environmental sources of nucleic acids should be avoided. The protocol outlined here is done in a biosafety cabinet for safety precautions and for limiting environmental contaminants. Moreover, our group and others have noticed that commercial enzymes may be another source of contaminating bacterial nucleic acids in low input samples 6, 18 . Use of a clean workspace (e.g., PCR hood, biosafety cabinet) and negative controls (e.g., water or buffer) will help alleviate and track contamination, respectively. For samples with <100 pg of total RNA, only poly(rA) carrier RNA, not rRNA, should be depleted to ensure high quality sequencing results while limiting loss of material. For very low input samples, cDNA-amplification methods may be more suitable 19 , although poly(rA) carrier should be removed prior to the cDNA synthesis.
The depletion of host rRNA enriches for viral content in sequencing libraries and is applicable to different sample collections including serum or plasma, and multiple types of tissues from rodents and non-human primates 5, 6 . In non-human organisms, reads aligning to 28S rRNA remained after depletion, suggesting 28S rRNA is less conserved between humans and other species 6, 20 . When using this method with non-human isolates, it may be necessary to supplement with DNA oligos complementary to the divergent rRNA sequences of the specific host 3, 21 .
Since the protocol is unbiased, viral reads may represent only a small fraction of total library content. Although rRNA is the most abundant species of host RNA and only a small percentage of rRNA reads (<1%) are found after selective depletion, all other host RNA (e.g., mRNA) will remain after depletion and may account for many sequencing reads from the sample. Therefore "oversampling" (i.e., oversequencing) individual libraries is required in order to have enough coverage for viral assembly and variant calls. For our studies, we attempt to sequencẽ 20 million reads per sample to have enough depth for analysis of viral genomic and associated variants as well as metagenomic content 2, 5 . For metagenomic and pathogen discovery studies, it is important to note that contaminating host DNA is removed by DNase digestion. Therefore viruses and other pathogens that contain DNA genomes may be lost during the process, however RNA intermediates may still be sequenced.
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